Dectin-1 is the archetypal signaling, non-Toll-like pattern recognition receptor that plays a protective role in immune defense to Candida albicans as the major leukocyte receptor for ␤-glucans. Dectin-1-deficiency is associated with impaired recruitment of inflammatory leukocytes and inflammatory mediator production at the site of infection. In this study, we have used mice to define the mechanisms that regulate the dectin-1-mediated inflammatory responses. Myeloid cell activation by dectin-1 is controlled by inherent cellular programming, with distinct macrophage and dendritic cell populations responding differentially to the engagement of this receptor. The inflammatory response is further modulated by the progression of the phagocytosis, with "frustrated phagocytosis" resulting in dramatically augmented inflammatory responses. These studies demonstrate that dectin-1 in isolation is sufficient to drive a potent inflammatory response in a context-dependent manner. This has implications for the mechanism by which myeloid cells are activated during fungal infections and the processes involved in the therapeutic manipulation of the immune system via exogenous dectin-1 stimulation or blockade. 
I
nfections with opportunistic fungal pathogens such as the Candida and Aspergillus species are an increasing problem and are associated with high incidence of mortality and morbidity (1) . The relatively new appreciation of this problem has highlighted deficiencies in current antifungal therapies and the knowledge of the underlying mechanisms by which normal immune responses control fungal infections. Neutrophils and macrophages (MØ) 4 are thought to be crucial in host defense to fungi via phagocytosis, killing of the invading organism, and the induction of a Th1-like immune response, which further aids fungal killing by inducing effectors such as the respiratory burst (1) . Despite their suspected importance, the mechanism by which these cells recognize the fungal organism is only recently becoming clearer (2) .
The cell walls of fungi predominantly consist of carbohydrates, including mannose-based structures, ␤-glucans, and chitin. ␤-Glucans compose up to 50% of the cell wall, can be expressed on the fungal cell surface (3, 4) , and are biologically active agents that are used therapeutically to modify immune responses. Experimentally, these carbohydrates can confer protection against a variety of challenges including tumor development and infection (fungal, bacterial, viral, and protozoal) (5) (6) (7) .
Dectin-1 is the major leukocyte receptor for ␤-(1,3)-glucans. It is a type II transmembrane with a C-type lectin-like domain and a ITAM-like motif in its cytoplasmic tail (8 -10) . Dectin-1 recognizes a variety of fungal organisms (4, (11) (12) (13) (14) (15) (16) and has been shown to mediate both TLR-dependent and -independent responses, including the production of cytokines and chemokines (9, 11, 14, (17) (18) (19) , respiratory burst (17, 20) , phagocytosis (20, 21) , and the regulation of phospholipase A 2 activation and cyclooxygenase 2 expression (22) . The ability of ␤-glucan particles to directly induce cytokine production by myeloid cells is unclear, with the limited purity and the structural characterization of the reagents used often rendering interpretation difficult. Tentative conclusions from recent studies may suggest that bone marrow-derived dendritic cells (BMDC) are able to mediate dectin-1-dependent but Myd88-independent cytokine production (19, 23, 24) . This is compared with MØ, where cytokine production is not directly evident but where a synergy of response with TLR agonists for cytokine production has been described (22, 25, 26) . On the surface, this appears to identify a fundamental difference in the abilities of MØ and dendritic cells (DC) to regulate immunity via dectin-1 activation.
We recently reported that dectin-1 Ϫ/Ϫ mice are more susceptible to Candida albicans infection (27) . The dectin-1 Ϫ/Ϫ mice exhibited impaired production of inflammatory mediators and inflammatory cell recruitment in response to the initial infection (27) . However, although this study confirmed the importance of ␤-glucan recognition by dectin-1 in the induction of the inflammatory response, it did not reveal the mechanism via which this occurs. In this report, we aim to define the mechanism by which dectin-1 engagement leads to an inflammatory response. A contextual understanding of how dectin-1 induces an inflammatory response is important not only for determining the mechanism of how ␤-glucans influence immune activation, but also as a model for how the Structurally characterized glucan microparticles were prepared from Saccharomyces cerevisiae as previously described (28) . Curdlan, a ␤-1,3-glucan preparation from Alcaligenes faecalis that is known to be able to hydrate and form gels, was purchased from Wako Chemicals. Curdlan was sonicated into microparticulate form using a Vibra-Cell VCX 500 processor with 13-mm standard probe set to 50% amplitude. Thirty milliliters of 5 mg/ml curdlan was sonicated four times for 6 min each (in pulses of 48 s on and 12 s off) with cooling on ice in between sonications in a similar way to that previously described (29) . Destruction of the curdlan aggregates was confirmed by microscopy. Sonication of glucans could also result in some polymer shearing and other structural alterations of the particles.
The following Abs were used in this study: anti-Ly-6G-PE (clone 1A8), anti-mouse TNF-allophycocyanin, biotinylated anti-CD117, and the control Ab (all from BD Biosciences); anti-F4/80-PE or anti-F4/80-allophycocyanin, anti-7/4-FITC, anti-CD11b-FITC or anti-CD11b-PE-Cy5, and anti-dectin-1-biotin (all either produced in house or from AbD Serotec). Cytokine production by the myeloid cells was characterized by detection of TNF, IL-2, IL-6, IL-10, and IL-12p40, measured with ELISA kits (BD Biosciences).
Isolation and culture of primary mouse MØ and DC
Thioglycollate-elicited and resident peritoneal cells were isolated as previously described (30) . Bone marrow-derived MØ (BMMØ) and BMDC were produced by culture of bone marrow cells from the femur and tibia of mice in the presence of M-CSF or GM-CSF (both Peprotec), respectively, for 7-10 days as previously described (31, 32) .
Conditional immortalization of MØ progenitors
The Moloney murine leukemia virus-derived retroviral vector pMXs-IP, a gift from Prof. T. Kitamura (33) , was used as a backbone for the conditional-immortalization of MØ progenitors (MØP) as described previously (34) . A FLAG-tagged human estrogen receptor binding domain-Hoxb8 fusion cDNA was generated and cloned into the backbone vector generating pMXs-IP:FL-ER-Hoxb8. The human estrogen receptor binding domain was cloned into the EcoRI site of pMXs-IP by RT-PCR from MCF-7 cells using the EcoRI-containing (indicated in boldface) primers: 5Ј-AAGGGA ATTCGCCACCATGGACTACAAGGACGACGATGACAAAGGAACGCG TTCTGCTGGAGACATGAGAGCTG-3Ј and 5Ј-AAGGGAATTCCTC GAGGACTGTGGCAGGGAAACCCTC-3Ј, which introduced a FLAG tag (italicized) at the 5Ј-end and a XhoI site (underlined) at the 3Ј-end for introduction of transcription factors, such as Hoxb8. The sequence obtained corresponded to the wild-type sequence and was therefore first mutated using the mutagenic primers 5Ј-GGAGCACCCAGTGAAGCTACT GTT-3Ј and 5Ј-AACAGTAGCTTCACTGGGTGCTCC-3Ј to generate the Gly400Val mutation with altered estrogen-binding sensitivity (35) . Hoxb8 was amplified by RT-PCR from 10.5-day-postcoitum embryonic somite cDNA using the primers 5Ј-AAGGCTCGAGGGAAGCTCTTATTTCGTC AACTCAC-3Ј and 5Ј-AAGGCTCGAGCTACTTCTTGTCACCCTTCT GCG-3Ј and cloned by XhoI (underlined sites) digest into the XhoI site immediately downstream of the estrogen receptor binding domain.
Packaged retrovirus was produced using the Phoenix cell line as previously reported (36) and used to infect bone marrow cells in a similar way to that previously described (34) with slight modification. In short, CD117 ϩ cells were enriched using biotin-labeled anti-CD117 followed by anti-biotin MACS beads (Miltenyi Biotec) as per the manufacturer's instructions. CD117-enriched cell preparations were prestimulated for 2 days in IL-3 (10 ng/ml), IL-6 (20 ng/ml), and stem cell factor (25 ng/ml) (Peprotec) in IMDM medium (Invitrogen) supplemented with 15% heat-inactivated FCS as described (34) before transduction by spin infection with packaged FLAG-tagged estrogen receptor binding domain-Hoxb8 fusion gene-modified pMXs-IP (pMXs-IP:FL-ER-Hoxb8)-containing supernatants. The cells were selected in puromycin (1.5 g/ml; Sigma-Aldrich) for 10 -14 days in the presence of GM-CSF (10 ng/ml; Peprotec) and estradiol (1 M; Sigma), after which polyclonal, conditionally immortalized MØP were stable in culture. To differentiate MØP they were washed three times with RPMI 1640 medium containing 10% heat-inactivated FCS (R10) to remove the estradiol and GM-CSF before differentiation in R10 containing M-CSF or GM-CSF (20 ng/ml; Peprotec) for 3 to 4 days.
For reconstitution of dectin-1 Ϫ/Ϫ MØP, a modified form of pMXs-IP (named pMXs-IZ) was created by replacing the puromycin resistance cassette with the zeocin resistance cassette of pSecTag2 (Invitrogen). The puromycin resistance cassette was removed by NcoI and SalI digestion and the zeocin resistance cassette was amplified by PCR using the primers 5Ј-AACCCATGGCCAAGTTGACCAGTG-3Ј and 5Ј-AACGTCGACT CAGTCCTGCTCCTCGGCCAC-3Ј and cloning with NcoI and SalI (sites indicated in boldface). pMXs-IZ was used as a backbone vector to transduce the MØP with dectin-1 isoforms (37). pMXs-IZ-transduced MØP were selected for 5 days with 50 g/ml zeocin (Invitrogen).
In vitro cell stimulation assays
Thioglycollate MØ were plated in R10 in 48 well plates (0.2 ϫ 10 6 MØ per well) and washed free of non-adherent cells after 3 h, after which the medium was replaced with the addition of growth factors (20 ng/ml) as required. The following day the cultures were stimulated as indicated with the various glucans for the indicated times (usually 6 h). Supernatants were aliquoted and stored at Ϫ80 o C and analyzed for cytokine production by ELISA.
BMMØ and BMDC, generated as described above, were plated in 48-well plates (2 ϫ 10 5 cells per well). The BMMØ were plated the day before the experiment to ensure a healthy adherent culture, and the non-adherent BMDC were plated at the time of assay. The cultures were stimulated as indicated for 6 -16 h and supernatants were analyzed as described above.
MØP were plated in 48-well plates after washing three times with R10 medium and resuspension in R10 with either GM-CSF (3 ϫ 10 4 cells per well) or M-CSF (8 ϫ 10 4 cells per well) at 20 ng/ml. Fewer cells were plated when differentiating with GM-CSF because of the additional potent proliferative effect of GM-CSF during this period. Medium was replenished on day 3 and experiments were conducted on monolayers of MØ on day 4. Stimulations were performed as described above.
For experiments with fresh resident peritoneal cells, cells were washed with R10 medium and cultured immediately in the presence of Golgi block (BD Biosciences) and the indicated concentrations of glucan particles in a final volume of 200 l with 5 ϫ 10 5 cells per well of a 96-well V-bottom plate. After 3 h the cells were fixed, permeabilized, and stained as previously described (36) . Resident peritoneal MØ and DC populations were identified by F4/80 and CD11b profiles as previously described (38) .
When cytochalasin D was used, cells were pretreated for 1 h with 2 M cytochalasin D or vehicle before the addition of stimulants.
Flow cytometry
Flow cytometry was essentially performed as previously described (30, 36, 39) on a FACSCalibur flow cytometer (BD Biosciences). We developed a rapid, single-step, differential analysis protocol for inflammatory leukocytes. In brief, ϳ0.5-1 ϫ 10 5 cells were directly added to FACS block (30) . After 10 min, an equal volume of Ab mix was added and after a further 15 min this was diluted in a 10-fold excess of 1% formaldehyde in PBS for flow cytometric analysis. Intracellular cytokine production was represented as a "stimulation index" in arbitrary units and defined as follows: stimulation index ϭ percentage of cells producing cytokine ϫ mean fluorescence intensity of producing cells.
Microscopic imaging
Microscopic images were recorded either using a Leica DM LB microscope with DFC490 digital camera (Leica) and QWin software (Leica) or a Zeiss Axiovert 40. Images were processed using Adobe Photoshop version 6.0.
In vivo inflammatory studies
Mice were injected i.p. with the indicated doses of stimulants and left for 4 h for the progression of the inflammatory response as previously described (27) . Peritoneal inflammatory cells were harvested after this time by i.p. injection of 1 ml of PBS with 5 mM EDTA, followed by extensive massaging of the abdomen and recovery of the exudate with a fresh syringe. Inflammatory cell populations were determined by flow cytometry as previously reported (27, 30, 39) . In brief, neutrophils were defined as Ly-6G ϩ 7/4 ϩ , inflammatory monocytes as Ly-6G Ϫ 7/4 ϩ , and resident peritoneal MØ as CD11b high F4/80 high . Cell-cleared lavage was stored immediately at Ϫ80 o C for future cytokine analysis (see above). Because the mechanism of inflammation is complex, multiple inflammatory parameters were assessed, namely the recruitment of neutrophils and inflammatory
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Statistical analysis
Data were analyzed using GraphPad Prism with the appropriate tests as indicated in the text. p values are represented generically as follows: ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; and ‫,ءءء‬ p Ͻ 0.001.
Results

Particulate ␤-glucans and the induction of cytokines in MØ and DC
␤-glucans exhibit apparent differences in their ability to activate MØ and DC for cytokine responses (19, (22) (23) (24) (25) (26) , and several factors may be contributing to these differences: 1) the dectin-1 specificity of the response; 2) the purity of the glucans used; 3) the structural and physical nature of the particulate glucans used; 4) the activation state of the cells under study; and 5) the type of cell under study (e.g., DC or MØ). Indeed, the studies reported in the literature used different ␤-glucan preparations, such as glucan microparticles (Glu-mp) derived from S. cerevisiae and curdlan derived from A. faecalis (19, 22, 24, 25) . We have previously used Glu-mp to specifically evaluate the role of dectin-1 in the signaling responses of MØ (22, 25) , whereas curdlan has received significant attention for its ability to activate DC via dectin-1 without a requirement for the MyD88 pathways (19, 24) . Both of these glucans are primarily ␤-1,3-linked. We found that Glu-mp were ϳ3 m in diameter in contrast to curdlan, which were significantly larger with some particles in excess of 0.2 mm in diameter ( Fig. 1 ). We were interested in determining how these physical differences would impact their ability to activate MØ and DC.
To directly compare the ability of both glucan preparations to stimulate cytokine production, BMMØ and BMDC were cocultured with glucan particles for up to 16 h and analyzed for the production of TNF, IL-2, IL-6, IL-10, and IL-12p40 (Fig. 2) . As previously reported (19) , curdlan induced robust cytokine responses from the BMDC. We noted that Glu-mp also induced cytokine responses by BMDC, albeit at reduced levels when compared with the curdlan. The large size of curdlan means that the particle:cell ratio used in this assays is very low (10 g of curdlan is ϳ550 curdlan particles). In contrast, the Glu-mp particle:cell ratio in these experiments is substantially higher (10 g of Glu-mp is Ͼ10 6 particles). This fundamental difference makes it difficult to directly compare the two agents but does clearly indicate, since fewer cells are involved in the response to curdlan than in the response to Glu-mp, that curdlan is a substantially more potent inducer of cytokine production (see also Figs. 3 and 5 below). Consistent with our previous observations, BMMØ did not produce cytokines in response to Glu-mp, nor did these cells make a significant response to curdlan (Fig. 2) . Thus, it appears that DC and MØ may have a differing capacity to respond to particulate ␤-glucans.
The role of GM-CSF in cellular programming of a proinflammatory dectin-1 signaling response in MØ
A principal difference between the culture of BMDC and BMMØ (and other MØ populations we have studied) is the inclusion of GM-CSF in the culture medium, which may be especially important as we have previously reported that GM-CSF affects MØ dectin-1 expression and function (40) . To determine whether GM-CSF in the BMDC culture system was dictating the responsiveness of these cells to ␤-glucan stimulation and whether MØ could be similarly responsive, we cultured thioglycollate-elicited peritoneal MØ in GM-CSF before particulate ␤-glucan stimulation (Fig. 3A) . Thioglycollate-elicited MØ are normally unable to mount a significant cytokine response to ␤-glucan particles (25) ; however, pretreatment with GM-CSF markedly altered this (Fig. 3A) . Importantly, the cytokine response of GM-CSF-"primed," thioglycollate-elicited MØ remained dectin-1 dependent (Fig. 3A) .
To directly compare the effect of M-CSF and GM-CSF on the cellular programming of MØ in a similar way to that achieved with the use of bone marrow cultures, we established conditionally immortalized MØP from 129S6/SvEv (MØP-S6) mice (34) . These cells are immortalized in the presence of estrogen, but after estrogen withdrawal the progenitors can be differentiated into MØ in the presence of either GM-CSF or M-CSF. We examined the ability of MØ generated in this way to respond to particulate glucans. When differentiated in GM-CSF, the MØ responded to particulate ␤-glucan stimulation with potent TNF, IL-6, and IL-12p40 production (Fig. 3B) . By analogy to BMMØ cultures, the MØ derived from MØP differentiated in M-CSF failed to make these cytokines after stimulation with particulate ␤-glucans (Fig. 3B) .
To further facilitate the study of the involvement of Dectin-1 in this response, MØP were generated at the same time from 129S6/ SvEv.dectin-1 Ϫ/Ϫ mice. MØP from dectin-1 Ϫ/Ϫ mice differentiated in GM-CSF were found to be deficient in ␤-glucan-induced cytokine production (Fig. 3C ). Our previous observation of an upregulation of dectin-1 expression by GM-CSF (40) led us to examine dectin-1 expression by MØ derived from progenitors differentiated in GM-CSF and M-CSF. MØP differentiated in GM-CSF have significantly higher dectin-1 expression (data not shown). Retroviral reconstitution of dectin-1 Ϫ/Ϫ MØP with a high level of dectin-1 (data not shown), which bypasses the normal regulation of dectin-1 expression, allowed the generation of GM-CSF-and M-CSF-differentiated dectin-1 high-expressing MØ. The ␤-glucan-induced cytokine production was rescued by retroviral transduction of the GM-CSF-differentiated dectin-1 Ϫ/Ϫ MØ with the different dectin-1 isoforms, confirming the dependence of this production on dectin-1 (Fig. 3C and data not shown) (37) . The dectin-1-reconstituted M-CSF-differentiated cells remained unable to respond with cytokine production after ␤-glucan stimulation (data not shown). Taken together, these data confirmed that GM-CSF-mediated cell programming is required for cytokine responses to dectin-1 ligation and that differences in the expression level of dectin-1 was not a fundamental factor to explain these observations. Thus, in vitro "priming" of MØ with GM-CSF is sufficient to allow them to respond to ␤-glucan particles with cytokine production in a similar way to that of BMDC (cells that have been also been cultured in GM-CSF). This suggests that primary MØ, which are very heterogeneous, may be preprogrammed in vivo depending on location and function in a manner that is either permissive or not permissive of a cytokine response to particulate ␤-glucan stimulation.
The dectin-1-mediated signaling response is enhanced by frustrated phagocytosis
The large size of the curdlan particles raised the possibility that it may not be possible for them to be engulfed by phagocytes, so we examined the phagocytic process using thioglycollate-elicited peritoneal MØ (Fig. 4) . Although the Glu-mp were readily phagocytosed, MØ were unable to phagocytose the larger curdlan particles (Fig. 4) , indicating that they may be experiencing "frustrated phagocytosis" (41) , although this does not exclude the possibility that any sufficiently small curdlan particles present may have been internalized.
We have previously shown that cytochalasin D can enhance the inflammatory response to fungal particles (11) . Having established that GM-CSF is one factor important in vitro for permitting a cytokine response to ␤-glucan particles, we next examined the possibility that enhanced responses to curdlan may be a direct consequence of "frustrated phagocytosis." We used both nonadherent BMDC (Fig. 5A ) and in vitro programmed MØ (Fig. 5B) . To model frustrated phagocytosis, the cells were treated with cytochalasin D before stimulation with particulate glucans. The relatively weak BMDC response to Glu-mp (which are normally phagocytosed) was markedly enhanced by cytochalasin D treatment. This enhanced response to Glu-mp after treatment with cytochalasin D is consistent with the hypothesis that prevention of phagocytosis would enhance the cytokine response (Fig. 5A) . Similar results were obtained when examining IL-6, TNF, IL-12p40, and IL-2 production by BMDC (data not shown). These responses were absent in dectin-1 Ϫ/Ϫ BMDC (data not shown). Similar results were obtained with GM-CSF-differentiated MØP. Glu-mp stimulated a greatly enhanced cytokine response when uptake was inhibited by cytochalasin D (Fig. 5B) . Cytochalasin D alone did not induce cytokines from any of the tested cell types.
Interestingly, the robust BMDC response to curdlan was reduced by cytochalasin D treatment (Fig. 5A) . Similarly, MØP differentiated in GM-CSF made a cytokine response to curdlan that was reduced in the presence of cytochalasin D (Fig. 5B) . In these monolayer experiments it was clear that in the presence of cytochalasin D the MØ were prevented from migrating into contact with the curdlan particles and that this was the most likely explanation for the reduced cytokine responsiveness observed (not shown).
To confirm that frustrated phagocytosis was the main cause of the difference in magnitude of the cytokine response to the two particulate ␤-glucans we generated curdlan microparticles (Curdmp) by high intensity sonication (see Materials and Methods and Ref. 29) . It was anticipated that converting curdlan to a microparticulate form would reduce its cytokine-inducing potential and render it susceptible to the enhancing effects of cytochalasin D, as was seen with Glu-mp. If true, this would also confirm that the differences in cytokine induction were not due to chemical structure or reagent contamination differences between the two glucan preparations. We found that Curd-mp behaved exactly as Glu-mp in the cell stimulation assays, indicating that it was the difference in the cellular capacity to phagocytose the particles that dictated the magnitude of the cytokine response rather than differences between the two glucans in purity or chemical structure (Fig. 5C ). Similar results were obtained with BMDC (data not shown).
Dectin-1-mediated inflammation in vivo
In vitro, both curdlan and Glu-mp exhibit high specificity for dectin-1. We used both particles to examine the role of dectin-1 in the initiation and regulation of inflammation in vivo. To achieve this, we measured several parameters of inflammation in a well-established mouse model of peritoneal inflammation. Both particles induced inflammation characterized by the recruitment of both neutrophils and inflammatory monocytes to the inflammatory lesion, . C, To test the role of phagocytosis in the response to curdlan further, Curd-mp was generated by sonication and tested on GM-CSF-differentiated MØP (MØP-S6 (GM)). Curd-mp were found to behave exactly as Glu-mp and no longer like the aggregated nonphagocytosable curdlan material. Data represent mean Ϯ SEM of triplicates from one of two independent experiments. In all cases, significant differences between cytochalasin D-treated (open bars) and control groups (filled bars) were determined using Student's t test. ‫,ءء‬ p Ͻ 0.01; and ‫,ءءء‬ p Ͻ 0.001. ND denotes not detectable.
the proinflammatory cytokine response (as typified by IL-6 production), and the activation of resident peritoneal MØ by evaluation of the MØ "disappearance reaction" (39, 42, 43) . A dose-dependent study of both Glu-mp and curdlan in 129S6/SvEv wild-type and dectin-1 Ϫ/Ϫ mice revealed that each particle induced inflammation with its own distinct mechanism (Fig. 6) .
After the injection of curdlan the recruitment of neutrophils and production of IL-6 within the peritoneal cavity was evident, and this was found to be fully dependent on the presence of dectin-1, even when very high doses of curdlan were used (Fig. 6, A and B) . At higher doses of curdlan the disappearance of MØ from the peritoneal cavity became apparent, and this too was impaired in the absence of dectin-1 (Fig. 6B) . At low doses of Glu-mp (Յ2 g), inflammation was largely abrogated in the dectin-1 Ϫ/Ϫ mice, indicating that inflammation was being driven by a similar mechanism (dectin-1-mediated cellular activation) (Fig. 6, A and C) . However, injection of 10 g of Glu-mp resulted in a marked inflammatory response in the dectin-1 Ϫ/Ϫ mice (Fig. 6, A and C) . In wild-type mice, 10 g of Glu-mp induced an inflammatory response that was characterized by a substantial neutrophil and a detectable monocyte influx, the disappearance of resident peritoneal MØ from the cavity, and the production of IL-6 (Fig. 6, A and  C) . Much of this inflammatory response occurred in the dectin-1 Ϫ/Ϫ mice (recruitment of comparable numbers of neutrophils and monocytes); however, both the IL-6 production and the MØ-disappearance remained significantly reduced, indicating that cellular activation was still impaired in the absence of dectin-1.
Taken together, these data indicated that while curdlan-induced inflammation was essentially dectin-1-dependent, Glu-mp at higher doses were able to induce inflammation in the absence of dectin-1. Higher doses of Glu-mp were able to bypass the need for dectin-1 for neutrophil and monocyte recruitment, but myeloid cell activation was still impaired (as indicated by the failure of MØ disappearance and reduced IL-6 production in the absence of dectin-1). This indicated that alternate inflammatory processes were evident in the dectin-1 Ϫ/Ϫ mice treated with higher doses of microparticles. These observations most likely reflect the combination of the consequence of an in vivo balance between effector functions, target:host cell ratios, and an impairment in the phagocytosis of Glu-mp in the absence of dectin-1.
Thus, both ␤-glucan particles can induce dectin-1-dependent inflammatory responses, which are characterized by inflammatory ϩ/ϩ and dectin-1 Ϫ/Ϫ mice with the indicated glucan particles. Percentages indicate the prevalence of each gated population shown. B and C, The response to curdlan was entirely dectin-1 dependent (B), whereas the response to Glu-mp was more complex (C). Data represent the mean Ϯ SEM of absolute cell counts from independent animals in a contemporary experiment with n ϭ 3-4 per group (B) and n ϭ 4 per group (C). The results for each dose were reproduced in 2-4 independent experiments. In all cases, significant differences between dectin-1 Ϫ/Ϫ and control groups were determined using students t tests. ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; ‫,ءءء‬ p Ͻ 0.001. ND denotes not detectable.
cell recruitment, cytokine production, and resident MØ activation. Most notably, the physical differences between the two particles allow curdlan to be used in a high dose, driving a potent inflammatory response in a dectin-1-restricted manner. In contrast, Glump, which is also dectin-1-specific at lower doses, have a greater capacity to bypass dectin-1 for some aspects of the inflammatory response when present at higher numbers.
␤-Glucan-induced cellular activation and the initiation of inflammation
The ability to convert MØ into cells that can produce cytokines in response to particulate ␤-glucans reinforces the idea that MØ are very heterogeneous cells and that the in vivo context of MØ subsets and their prior programming may dictate MØ responsiveness to such stimuli. Having observed significant dectin-1-mediated activation of resident peritoneal MØ in vivo after challenge with particulate ␤-glucans, we wanted to examine the capacity of these cells to respond directly to ␤-glucan stimulation. We conducted immediate ex vivo analysis of resident peritoneal MØ and DC, measuring the TNF response to microparticulate ␤-glucan preparations to assess cellular activation. We used microparticulates because of the high particle:cell ratios and, hence, greater cellular involvement achievable in these rapid ex vivo assays. In these mixed cell assays MØ outnumber DC by ϳ10 -20-fold as they do in vivo. Both MØ and DC from wild-type mice responded to ␤-glucan microparticles with TNF production (Fig. 7) . The dectin-1 Ϫ/Ϫ resident peritoneal MØ showed a substantial reduction in response to microparticulate ␤-glucans compared with the wildtype cells (Fig. 7, A and B) . The ability of these MØ to respond immediately to particulate ␤-glucans in a dectin-1-dependent manner confirms the speculation that subsets of MØ in vivo may already be competent to mount a cytokine response to dectin-1 ligation and that a context-dependent consideration of MØ activity is essential. The DC were almost totally dependent on dectin-1 for responses to microparticulate ␤-glucans (Fig. 7C) . Thus, both resident peritoneal DC and MØ are competent to respond immediately with a dectin-1-mediated cytokine response to particulate ␤-glucan stimulation.
Discussion
We and others have recently demonstrated the importance of dectin-1 in host defense against fungal infection (23, 27) . The dectin-1 Ϫ/Ϫ mice exhibited impaired production of inflammatory mediators and inflammatory cell recruitment in response to an initial infection with C. albicans and to challenge with the yeast model zymosan particle also (27) . However, the role of dectin-1 in the orchestration of the host-protective inflammatory response remains unclear. Notably, we showed that the specific ligation of dectin-1 with particulate ␤-glucans was insufficient for the induction of cytokine production by MØ but was able to act in synergy with the TLRmediated cytokine responses (25) . However, others have reported that DC stimulated with particulate ␤-glucans are induced to produce substantial levels of cytokines in a MyD88-independent manner (19, 24) . In this study, we sought to clarify the mechanism underlying dectin-1-mediated cellular activation that results in an inflammatory response. Understanding the mode of action of dectin-1 would serve as a model for other non-Toll-like pattern recognition receptors and would also have implications for studies directed toward the therapeutic manipulation of the dectin-1 system, such as clinical administration of ␤-glucans as immunostimulants.
We have shown that particulate ␤-1,3-glucans are dectin-1 specific at the cellular level and that myeloid cells (MØ and DC) are "preprogrammed" as to whether they are capable of responding to particulate ␤-glucans with cytokine production. This is readily achieved in vitro with GM-CSF with bona fide thioglycollate-elicited MØ and MØ derived from bone marrow progenitors as well as GM-CSF-derived BMDC. It is likely that the programming of the cells with GM-CSF alters the availability of downstream signaling components of the Syk/CARD9 and NF-B pathways, rendering the cells permissive to respond in a manner similar to that reported for LPS (44) . It is unlikely that this cellular programming effect would be restricted to GM-CSF, and other candidates, such as IFN-␥, could also be expected to promote this kind of signaling response. The complex in vivo inflammatory setting would likely in many cases ensure activation of MØ for a robust ␤-glucaninduced cytokine response. It has recently been shown that microglia are unable to mount a cytokine response to particulate ␤-glucans (45) , and this is reminiscent of the results we have previously observed with most MØ populations (22, 25, 26) . Reprogramming of specialized subsets of the mononuclear phagocyte system such as these with growth factors and inflammatory cytokines may also convert their potential to respond to ␤-glucans and other microbial components with important consequences during inflammatory responses.
On an individual cell basis, curdlan particles (aggregates of microparticulate ␤-glucan) were substantially more potent than ␤-glucan microparticles at stimulating a cytokine response from MØ or DC. This was found to be directly caused by the inability of the phagocyte to ingest such large material. It was already known that dectin-1-mediated (TLR2-dependent) cytokine production in response to zymosan can occur at the cell surface without the need for phagocytosis (11) . We have demonstrated in this study that frustrated phagocytosis leads to significantly enhanced dectin-1-mediated cell activation. These observations could be of fundamental importance to the way myeloid cells recognize invasive fungal infections in vivo, where fungal hyphae have established a network of non-phagocytosable material within the tissues and protracted dectin-1 mediated cellular activation further drives inflammation. It is likely that the cellular activation events that occur during frustrated fungal phagocytosis will not only depend on the nature of the pathogen, its ligand exposure, and susceptibility to phagocytosis, but also on the availability of alternate activation receptors such as dectin-2 (46, 47), which can preferentially recognize hyphal C. albicans ligands (48, 49) . All of these factors will control the level of the inflammatory response, pathogen containment, and the consequential host tissue damage.
One of our primary objectives was to determine how dectin-1 induced inflammatory responses in vivo, having observed defects in an in vivo fungal challenge model (27) . We used the two pure glucan preparations to establish the mechanism of a dectin-1 inflammatory response in the absence of the additional confounding factors, such as TLR activation, that would be evident with live yeast or complex yeast particle experiments. Although both curdlan and Glu-mp were specific for dectin-1 in vitro, this was not the case in vivo where only curdlan induced dectin-1-specific inflammation even at high doses.
Given the in vitro specificity of Glu-mp for dectin-1, we could speculate that a non-cell-associated inflammatory mechanism such as complement may be involved in the dectin-1-independent response to Glu-mp, as has been recently shown in the case of zymosan (50). Both glucan particles were able to fix complement (data not shown), indicating that this was a valid possibility. The very low surface area:volume ratio of curdlan could theoretically limit complement activation compared with the high available surface area of Glu-mp. In the absence of its primary non-opsonic receptor, the Glu-mp are likely to persist in the fluid phase of the peritoneal cavity longer after injection (as they do in vitro), and this could lead to more sustained complement activation in dectin-1 Ϫ/Ϫ mice than would be seen in wild-type animals. Thus, the inflammatory response in the dectin-1 Ϫ/Ϫ animals challenged with higher doses of Glu-mp, at least in part, most likely reflects an artifactual inflammatory process brought about by the failed clearance of the particles. This is evidenced by the data (Fig. 5B) ; at low doses of Glu-mp dectin-1 is required for an inflammatory response when the dose is not sufficiently high to invoke alternative processes. These principles are most likely broadly applicable to the interpretation of in vivo pathogen recognition in general and very important for the interpretation of in vivo models of disease. Thus, to directly and specifically agonize dectin-1 function in vivo, a large non-phagocytosable ligand with relatively low surface area would be the most potent agonist on a single cell basis. Microparticulate agonists have the advantage that they are broadly applicable and much more readily distributed to higher numbers of phagocytes; but there is also the drawback that excess particulates, particularly in the experimental absence of the primary clearance mechanism, may still drive inflammation.
The accessibility of the peritoneal cavity makes it a useful model of inflammatory responses and has in our studies highlighted the importance of dectin-1 on the resident cells in driving the inflammatory response. The primary sources of dectin-1 in the peritoneal cavity are the resident MØ and the rarer resident DC populations, as is the case in many peripheral tissues. Critically, we have shown that both populations of cells are capable of rapid response to particulate ␤-glucan stimulation. Both cell types were heavily reliant on dectin-1 for the response to particulate ␤-glucans. The predominance of MØ may suggest that they play a more substantial role in the inflammatory response as defined by the recruitment of inflammatory leukocytes and the production of inflammatory mediators, but this remains to be addressed. These studies also emphasize the importance of a context-dependent understanding of myeloid cell heterogeneity for a physiologically relevant dissection of inflammatory response mechanisms.
In summary, we aimed to define the mechanism by which dectin-1 engagement leads to an inflammatory response and to explain the initial dectin-1-mediated events that govern the antifungal inflammatory response. We have demonstrated that the isolated ligation of dectin-1 on MØ populations and DC is sufficient to drive a potent proinflammatory cytokine response. After initial "infection," the ligation of dectin-1 results in rapid activation of the tissue-resident MØ and DC, leading to recruitment of the neutrophils and monocytes that are important for pathogen containment. This myeloid cell activation is deficient in the absence of dectin-1 (this study and Ref. 27) , and this is associated with susceptibility to live fungal infection (27) . Furthermore, we found that this response to particulate ␤-glucans is controlled at least at two levels: by the cellular programming of distinct myeloid cell subsets and by the progression through the phagocytic process. Select MØ, and theoretically specific DC subsets, are programmed to respond to dectin-1 engagement with proinflammatory cytokines, and this most likely proceeds through Syk/CARD9 pathways. Other MØ populations are not so programmed, and this indicates a mechanism of controlling the MØ response to fungi in vivo in different microenvironments. Those MØ, which are incapable of mounting a notable cytokine response to particulate ␤-glucans, can augment TLR-mediated responses (25) but can also be programmed to respond in vitro with GM-CSF. These proinflammatory responses are further enhanced by "frustration" of phagocytosis. Thus, by establishing an in vivo inflammatory model that was dectin-1 specific (and the parameters that define this), we have elucidated the initial mechanistic role of MØ dectin-1 in the orchestration of the inflammatory response after infection. These processes are able to act concurrent to and in synergy with TLR-mediated processes and explain how the initiation of an inflammatory response to fungal infection is impaired in the absence of dectin-1.
